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The angular dependence of the upper critical fidld of MgB, single crystals is studied at various tem-
peratures by means of specific-heat and transport measurements in magnetic fields up to 17 T. Clear deviations
from Ginzburg—Landau behavior are observed at all temperatures and are explained by two-band effects. The
angular dependence and temperature dependence of the deviations are in qualitative agreement with theoretical
predictions based on band-structure calculations. Quantitative agreement is obtained with an interband cou-
pling slightly stronger than the calculated one, enabling band-structure anisotropies and interband coupling
strength to be experimentally estimated. This provides a pathway to the study of disorder and doping effects in
MgB,.
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The emergence of new theoretical works with close ex-perimental temperature dependenceypf!—2
perimental connections has significantly deepened the under- In this Brief Report we present evidence of clear devia-
standing of the properties of magnesium diboritiégB,).  tions of the angular dependencetdf, from the anisotropic
Despite the fact that the superconducting properties of MgBGinzburg—LandaGL) description. TheH,(T, 6) transition
with its fairly simple atomic structure were just recently of MgB, single crystals was determined from resistivity
discovered, this phonon mediated-wave superconductor measurements and specific heat with excellent agreement be-
has already been the subject of intense and numerouseen the two. With a slight adjustment of some of the pa-
studied due to its exotic properties arising from a complex, rameters supplied by band-structure calculations, good quan-
disconnected, multiband Fermi surface. Band-structure calitative agreement is found between thedignd experiment,
culations have demonstrated that the Fermi surface is conyielding fundamental estimates of band-structure anisotro-
posed of pairs of three-dimensionalbands and quasi-two- pies and the interband coupling strength.
dimensional (2D) o bands® This effective two-band Several MgB crystals with typical dimensions
structure has been confirmed by de Haas—van AlpheB0-250um were obtained through a high-pressure heat
(dHVA) measurementsand angle-resolved photoemission treatment of a mixture of Mg and B in excess Mg as de-
spectroscopy. scribed elsewher®. The crystals had, values of 34—-36 K,

The superconducting properties of the two sets of bandsesidual resistivity ratio$RRR) ~ 3.5, and aHZ,(0)=3.5 T.
are quite different, due to the low overlap of the orthogonalTransport measurementsampleA) were performed using
o- and mw-band wave functions. The superconducting gapstandard ac techniques at 23 Hz. For the specific-heat mea-
ranges from 1.5 to 3.5 meV on thebands and from 5.5 to surements, each crystal was mounted on top of a flattened
8 meV on the strongly superconducting bands$® This  12.7 um chromel/constantan thermocouple junction. Small
double-gap nature has been verified by tunnelingemperature oscillations of the sample were induced by ei-
experimentg;® heat capacity measuremeffRamant! and  ther a resistive heater wigampleB, Argonne and NHMFI.

point contact spectroscopy’® or by modulating the temperature of the copper Base
Theoretically, two-band superconductivity has a history(sampleC, Grenoblg.
starting well before MgB'#-1® Through theoretical ad- Figure 1 shows the transitions from resistivitpp) and

vances, a fairly unified picture has emerged with predictionspecific heatlbottom) as a function of angle a=27.5 K

that can be experimentally substantiaté#:?6 One of the and T=25.0 K, respectively. The resistive transitions were
salient predictions associated with a pronounced two-bandcheasured at a relatively high current density to suppress the
effect is a difference between the coherence length aniseffects of surface superconductivity at the well-shaped crys-
tropy =&/ & (Refs. 19-22and the penetration depth an- tal surfaces, as discussed in Ref. 36. Restrictions on the cur-
iSOtropy ¥y =N¢/Nap>>?* both of which become temperature rent to avoid heating from the Ohmic contacts limited the
dependent with opposite tendencies. For MgBstrong de- transport measurements to temperatui@d.>0.7. The
crease ofy,= H3D/HS, from ¥£0)~5 to y(T)~2 is found  value of H,(6) was determined through a linear extrapola-
experimentally}’~3?while controversy remains about the ex- tion of the steep drop to zero resistivity as shown by the
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AR L T T ] FIG. 2. Angular dependence of the upper critical field at 12.1 K
" ‘\ T=250 K_' and 25.0 K. The solid lines correspond to the GL theory. Small, but
: Sample B ] clear and consistent deviations from the anisotropic, effective-mass
' 1 description are seen.

58

) 56 L H ]
S ] The deviations from GL behavior are illuminated by plot-
;= ting the ratio.A=[H(#)/HS(6)]? as a function of cd¥ as
o 54 ] shown in Fig. 3. When the field is directed along thexis or
1 within the basal plane there are no deviations, since the ex-
sol ] perimentalH2) andHS, were used as parameters for the GL-

e ] fit (A=1) at each temperature. The shape of the deviations
bbb bbbk as a function of angle is similar for all temperatures,
with a maximum amplitude at aroungk=20°-30°, i.e., for
H(T) cog6~0.9.

The maximum amplitude afl(#6) is plotted as a function
of temperature in Fig. 4top). Good agreement is found be-
tween the data on all the samples, illustrating the fundamen-
tal and consistent nature of the deviations. The amplitude is
dashed lines in the top pan&lThe appearance of the peak relatively small at low temperatures and reaches a maximum
effect just belowH,, for some angles is evident in the figure. slightly belowT.. By comparing the temperature dependence
The thermodynamic signature éf,, was defined from the of Ay, With that of y, (bottom panel one can see that the
midpoint of the specific heat transitions, as illustrated in themaximum of A.,,(T) occurs at intermediate values ¢f.
bottom panel. The choice of definition was checked notto be The general experimental featureskgH(T, 6) can be ex-
significant. It is interesting to note that the specific heat stegellently described by the recent theory of the angular depen-
height is fairly independent of the field direction. This is in

FIG. 1. Top, resistiveH, transition atT=27.5 K as a function
of magnetic fieldH and angled from the basal plane. Bottom,
specific heat signature at=25.0 K for sampleB.

agreement with GL theory, where the step height should T o T T
scale withT(dH./dT)2, whereH, is the (isotropig thermo- MgB,, Sample B .
dynamic critical field. Possible deviations from a constant o 10§84~~~ = ———————————————
step height arising from two-band effects are too small to be ?’2 & 3
resolved in the current data due to uncertainties in the ex- g
perimental method. =

Clear deviations from an anisotropic GL description are,  § ot
however, seen in the angular dependencélgf In Fig. 2, | ]
the He,(6) curves are shown for two selected temperatures é e 250K 25.0K ]
together with corresponding fits to the effective mass de- I — two-band theory . ]
scription H3(6) =HZ5/ (cog6+Z sir?9)Y2. The relative de- [ _
viations are fairly small at 12.1 K as compared to 25.0 K. 0-%.0 0.2 0. 0.6 0.8 1.0

They are nevertheless clearly discernible at all temperatures
and are reproducible between different measuring setups,
samples, and methods. Resistive measurements by Etsev Fig. 3. Ratio A=[H(0)/HE(0)]? as a function of cd¥

al. dISplayed similar deviations but were not analyzed infor the two temperatures of Fig. 2. The dashed litel corre-
detail” Deviations were also reported at 33 K using torquesponds to the GL description with a separate anisotropy parameter
measurement¥. The latter, however, suffer from the inabil- y,=H3/HS, for each temperature as illustrated in Fig. 2. Solid
ity to measureH ., along the symmetry axes. Deviations from curves are given by two-band theory with best-fit parameters as
GL behavior have also been observed on thin fiffths. discussed in the text.

cos?0
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20} N tr;lnsl.pc;rt, 'Sar'npieA T ', i ] TABLE |. Parameters used in the theoretical computations.
L A
i . heat, Sample B ) .
[ 4 seecheal Sampe ‘\ Parameter Predicted vafue  Experimental value
151+ «  spec. heat, Sample C 1]
<~ , Y 0.82 1.02+0.05
o~ I —— theory, best-it !
~ I ) ! Yo 6.3 5.45+0.10
% 10[ ——- orig. params. !
g | 1IN =Dyyl Doy 0.2 0.23+0.02
< | Agy Ay 0.81 0.113 0.695 0.173
St Avo Apr 0.091 0.27 0.140 0.26
e e L e L 8As predicted by band-structure calculatiods.values are taken
51 from Ref. 25 andy values are obtained from Ref. 18. The parameter
1/r,=0.2 was taken from the experimental observations of an en-
4 larged vortex corgRef. 26.
s - A./A,=0.38 and that the parameter valua 0.23 is in
> 3L 2 good agreement with the observation of an enlarged vortex
8 core26:40
E . . .
ol < The most notable change of the parameters in Table | with
D R~ respect to the band-structure results is the strong enhance-
N Iyﬁ o, e Lladetd ment of the interband coupling, as reflected by an increase of
0.0 0.2 0.4 0.6 0.8 10 Si» from 0.034 to 0.105. In addition, the-band anisotropy
T/, was found to be smaller and theband almost isotropic. A

probable explanation for the differences in parameter values
FIG. 4. Top, maximum deviations od(¢) from the GL theory is a slight, sample dependent variation of the band structure
as a function of reduced temperature. The dashed curve is takegs seen, for example, in detailed comparisons between dHVA
from Ref. 22. Bottom, temperature dependence of the experimentglata and theoretical predictiohsA possible reason for the
anisotropyy,. Solid circles are taken from Ref. 29. Other symbols difference in interband coupling is also a theoretical overes-
are as above. The inset shows,, as a function of anisotropy, timation of the off-diagonal Coulomb pseudopotentiase
illustrating maximum deviations at intermediate valuegypivhere  {iscussion in Ref. Alresulting in too low values af . and
both pand_s contribute equally. Parameters for the theoretical CUrVE§ _  Unfortunately, no independent, experimental probe of
are given in Table . the off-diagonal coupling constants is available at present.
) The present theoretical analysis neglects interband scattering.
dence of dirty two-band supercqnducté_%sThe two-band  owever, by evaluating the corrections to the components of
theory requires as input) band anisotropieg, and vy, (i) the upper critical fields arising from the inclusion of weak
a ratio of the diffusion constants in the two bands, €.9.jnterhand scattering, we conclude that it is unlikely that this
Mx=Drxl Dy, and(iii) the matrix of effective coupling con- geaitering is responsible for differences between the calcu-
Stants A gp=Nap~ Hqp Where ., are the electron-phonon |ateq and experimental valuge.g., for the lower value of
coupling constants ang,, are the Coulomb pseudopoten- )22
tials (- and 8 are indices for ther and 7 bandg. The theo- MgB, single crystals are usually described as fairly clean,
retical dependencies GA(T) and y,(T) obtained by using yth the o band probably in the clean limit and theband
coupling constants and anisotropies as supplied by bangsopably in the dirty limit+4%43The temperature dependence
structure calculation82*are illustrated by the dashed curves ¥; measured on crystals similar to ours has recently been
in Fig. 4. Itis clear that, while qualitatively similar, the the- gescribed successfully within the clean-limit formalidh.
oretical curves are displaced closerfoand the predicted However, these calculations require modifications of cou-
anisotropy is higher than the experimental one. pling and band anisotropies from the predicted values similar
To find the set of parameter values that would best detg those found here. To our knowledge, a clean-limit calcu-
scribe the data, we allowed the parametgfsy.., I, Agen  lation of the angular dependence kif, has not yet been
and A to vary freely. The off-diagonak-parameters were presented. The theoretical analysis used here should be valid
calculated from the constraints arising from the valueTof  for the dirty 7 band in the entire temperature range and for a
(Ref. 20 and the requirement of detailed balance,clean s band at sufficiently high temperatures, where this
Agal Azg=Ng/N., whereN, is the partial density of states. pand is described by GL theory. One could expect deviations
It is useful to know thaty,(0)~y, and that the overall from the present two-band theory at low temperatures arising
change in anisotropy can be estimated a$0)/y/Tc)  from the Fermi surface structure of the clearband. This
~\1+St, where S,=A, A, /(A,,~A,,)? is the re-  cannot be ruled out entirely, but a theoretical estimate of its
duced interband coupling strength aner,(y,/v,)2?> The  importance has, to our knowledge, not yet been presented.
optimum fit parameters are listed in Table I. The correspondSince our results show that the deviations decrease with de-
ing fit curves, included in Figs. 3 and 4, give an excellentcreasing temperature at low temperature, opposite to the ex-
account of all the data. We note that calculatidi8using  pected single-band, clean-limit behavior, we believe that our
the obtained parameters give a reasonable gap anisotromxperiments are accurately described within the present the-
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oretical framework of two-band superconductivity. However,a pathway to the study of disorder and doping effects in
clean-limit effects and strong coupling corrections may, toMgB,, with great implications for future applications.
some degree, alter the absolute values of the determined pa-
rameters. Support was provided through U.S. Department of
In summary, we have studied the angular dependence arghergy, Basic Energy Sciences, under Contract No. W-31-
temperature dependence of the upper critical field of MgB 109-ENG-38, the Consortium for Nanoscale Research at
single crystals by means of heat capacity and transport meg@rgonne National Laboratory and the University of Chicago,
surements. Clear two-band effects are found in Bég(6)  the Fulbright Program and the Sweden-America Foundation
and the temperature dependence of the upper critical-fieldA.R.), and by the Ministry of Science and Technology of
anisotropyy,(T). The experiments are well explained by the Korea. We thank A. A. Golubov for discussions and S. Han-
theory?? providing a deep understanding of the microscopicnahs, T. Murphy, and E. Palm for assistance with measure-

parameters describing the system. This work thus points ouhents at NHMFL.

*Electronic address: rydh@anl.gov
1J. Nagamatsiet al, Nature(London) 410, 63 (2007).
2For extensive reviews, see Special edition on Mgedited by

Lett. 89, 237005(2002.
24A. A. Golubov et al,, Phys. Rev. B66, 054524(2002.
25A. A. Golubovet al, J. Phys.: Condens. Mattd#, 1353(2002.

W. Kwok, G. Crabtree, S. L. Bud’ko, and P. C. Canfield, PhysicaZGA. E. Koshelev and A. A. Golubov, Phys. Rev. Le®0, 177002

C 385, 1-312(2003.

3J. Kortuset al, Phys. Rev. Lett86, 4656(2001); K. D. Belash-
chenkoet al, Phys. Rev. B64, 092503(200D.

4E. A. Yelland et al, Phys. Rev. Lett.88, 217002 (2002; A.
Carringtonet al,, ibid. 91, 037003(2003; J. R. Coopekt al,
Physica C385, 75 (2003.

SH. Uchiyamaet al, Phys. Rev. Lett.88, 157002(2002.

6H. J. Choiet al,, Nature(London 418, 758 (2002.

’F. Giubileoet al, Phys. Rev. Lett.87, 177008(2001).

8M. lavaroneet al, Phys. Rev. Lett89, 187002(2002.

9H. Schmidtet al, Phys. Rev. Lett.88, 127002(2002.

10F, Bouquetet al, Phys. Rev. Lett87, 047001(2001); F. Bouquet
et al, ibid. 89, 257001(2002; F. Bouquetkt al., Europhys. Lett.
56, 856 (2001).

11X, K. Chenet al, Phys. Rev. Lett.87, 157002(2001).

12p, Szabcet al, Phys. Rev. Lett87, 137005(2001).

¥R, S. Gonnelliet al,, Phys. Rev. Lett.89, 247004(2002.

14H. Suhlet al, Phys. Rev. Lett.3, 552 (1959.

I5A. A. Golubov and I. I. Mazin, Phys. Rev. B5, 15146(1997).

163, V. Shulgaet al., Phys. Rev. Lett80, 1730(1998).

A Y. Liu et al, Phys. Rev. Lett.87, 087005(2001).

18A. Brinkman et al., Phys. Rev. B65, 180517R) (2002.

19p, Miranovk et al,, J. Phys. Soc. Jpriz2, 221(2003.

20A. Gurevich, Phys. Rev. B57, 184515(2003.

21T Dahm and N. Schopohl, Phys. Rev. L&, 017001(2003; T.
Dahmet al, cond-mat/0304194unpublishegl

22A. A. Golubov and A. E. Koshelev, Phys. Rev. 68, 104503
(2003.

23V, G. Kogan, Phys. Rev. B36, 020509R) (2002; Phys. Rev.

(2003.

2TM. Angstet al, Phys. Rev. Lett.88, 167004(2002.

28U. Welp et al, Phys. Rev. B67, 012505(2003.

29L. Lyard et al, Phys. Rev. B66, 180502R) (2002.

30y, Machidaet al, Phys. Rev. B67, 094507(2003.

31M. Zehetmayett al, Phys. Rev. B66, 052505(2002.

32R. Cubittet al, Phys. Rev. Lett90, 157002(2003.

331, Lyard et al, Phys. Rev. Lett.92, 057001(2004).

34C. U. Junget al, Phys. Rev. B66, 184519(2002.

35). E. Graebner, Rev. Sci. Instrurfi0, 1123(1989.

36A. Rydh et al, Phys. Rev. B68, 172502(2003.

37Yu. Eltsevet al., Physica C378-381, 61 (2002.

38M. Angst et al, Physica C385, 143 (2003; M. Angst et al,,
cond-mat/030440Qunpublishegt M. Angst and R. Puzniak, in
Focus on Superconductivitgedited by B. P. MartingNova Sci-
ence Publishers, New York, 2004p. 1-49.

39C. Ferdeghiniet al,, Eur. Phys. J. B30, 147 (2002.

40M. R. Eskildseret al, Phys. Rev. Lett.89, 187003(2002.

411, 1. Mazin and V. P. Antropov, Physica @85, 49 (2003.

42In the main order with respect to the interband scattering rate
I, interband impurity scattering acts as a pair breaker, homo-
geneously suppressin and both components ¢, without
modifying the anisotropy. The leading corrections to the aniso-
tropy have the ordel’, A ,,/A,, meaning that the relative
change of anisotropy due to the interband scattering at any tem-
perature has to be significantly smaller than the relative change
of T¢. In addition, the correction to the basal-plane upper critical
field has an extra small factor 4,

433, W. Quilty et al, Phys. Rev. Lett.90, 207006(2003.

132503-4



